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— Two published computer programs are used to calculate the pressure distributions
§ on two axisymmetric boattailed configurations in inviscid, incompressible flow.
Realistic results are obtained in the base region by extending the body surface to
simulate the surface streamline separating from the base.
The results show that a favourable pressure gradient is created by replacing the rear
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1. INTRODUCTION

This report describes the results of computer calculations to find the pressure distributions on two axisymmetric bomb
shapes of current interest to Aerodynamic Research Group at W.R.E. The studies were initiated to augment wind-tunnel
tests of the two bodies, and were particularly concerned with the effects of changes to the base geometry, including the
influence of the sting on wind-tunnel models.

The calculations were limited to inviscid, axisymmetric flow solutions, and because the emphasis was on simplicity and
ease of operation, the method chosen was that of Landweber(ref.1) which has recently been programmed in Fortran by
Albone(ref.2). The theoretical formulation assumes incompressible flow and the results given here are for zero Mach
number; however a Gothert-type correction has been included to enable approximate solutions for subsonic compressible
flow to be obtained.

2. DESCRIPTION AND USE OF THE PROGRAMS

2.1 The integral equation

The method is equivalent to a representation of the body by a ring vortex distribution I' (s) over its surface.
With the coordinate system shown in figure 1, the velocity induced at station t on the body axis by the vorticity
on the surface element ds is (see, for example, reference 3):

y* (x) ['(s) ds
Ux) = — , )

21y 0+ (et? 22

A consequence of representing the body surface by a vortex sheet is to replace the body interior by fluid at rest.
Thus the vortex distribution must induce an interior velocity -U. to cancel the incident free stream. In particular,
the velocity induced along the axis must be -Us .

It can be shown that the velocity jump across a vortex sheet is minus the local vortex intensity. The condition
of zero total interna) velocity then gives

u(x) = -T'(s), )

where u(x) is the longitudinal surface velocity at station x. Substituting (2) into (1) and integrating along the
body surface gives the total velocity on the body axis, and equating to -U. gives the integral equation:

2 u(x) y: (x) ds

[0 20y2 0+ (x-0? ]

U (3

32

to be satisfied at all points t between O and P. The solution of (3) gives the velocity distribution u(x), and thence
the pressure distribution Cp (x).

A rigorous derivation of (3) and an iterative method of solution have been given in reference 1 and repeated in
reference 2, which also describes Fortran programs to solve for both closed bodies and those with a parallel
afterbody extending downstream to infinity. These programs need only minor alterations to be run on the W.R.E.
computing system. For intending users without ready access to reference 2, listings are included in the Appendix.

The fact that the integral equation (3) for the surface velocity is satisfied on the body centreline, means that
the method may not be as accurate as others which satisfy a boundary condition on the body surface, such as
that of Hess and Smith(ref.4). For body shapes not too dissimilar from an ellipsoid of revolution, the solution
converges to any desired degree of accuracy, but for more complicated shapes the solution may converge to a best
solution and then become divergent. In such cases this best solution is usually sufficiently accurate for most
practical purposes. In any case, the programs are simple to use and require only minimal computing times
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2.3

3.1

compared with the more accurate methods, which determined their use in the present application. Another
property of the method of solution is that corners or sudden changes of curvature in the body profile tend to be
“smoothed”, which is not a serious limitation since the boundary layer will have a similar effect in the real flow.

Input and output

Input to each program consists of a subroutine called BODY which can calculate the radius and surface slope of
the body at any longitudinal station, and several parameters which are declared as data at the beginning of the
program. For the closed-body program these are as follows:

NMAX - the maximum number of iterations allowed (e.g., 200).

EPS - a quantity which, when greater than the maximum difference between any two successive
iterations, causes the iteration procedure to stop.

XX0 - abscissa of body nose.

XX1 - abscissa of body tail.

MACH - Mach number, used with a Gothert-type correction to allow for compressibility effects.

For the infinite - afterbody program, the input parameters are as follows:
NMAX, EPS, MACH - as for the closed-body programi.

LENGTH - length of forebody. Note that in this program, BODY assumes the forebody to be
between x = Oand x = LENGTH, so that for complicated bodies the same basic
subroutine can be used for each program.

YAFT - radius of afterbody.

The program output consists of a listing of the Gaussian abscissae used in the numerical integration for each
iteration (40 points along the body axis in the case of the closed-body program, and 30 points along the forebody
axis for the infinite-afterbody program), together with the associated values of body radius and slope, non-
dimensional surface velocity and pressure coefficient. The number of iterations, and maximum difference between
the two final iterations, are also printed.

Body geometry

Two basic configurations of interest were studied, and designated Body-A and Body-B respectively. Two further
variations of the Body-A tail geometry are referred to as A(i) and A(ii). The half-body profiles of the various
configurations are given in figures 2 to 6, the x - values being in body calibres.

In those cases where the configuration has a blunt base, for example when modelling the free-flight situation,
some extension of the model surface is necessary to simulate the surface streamline separating from the base.
These extensions are shown on the figures as a broken line. Where a sting whose diameter is equal to the base
diameter dB is present this problem does not arise and the sting is assumed to extend downstream to infinity.

3. RESULTS AND DISCUSSION

Standard Body-A configuration

Figure 2 shows the variation of surface pressure coefficient on the standard Body-A geometry with base flow
represented by (a) a strong flow expansion behind the base; (b) a large sting of diameter dB or alternatively, a

thick parallel wake; and (c) flow separation from the base and re-attachment to a thin sting of diameter dB/ 1

These examples give a wide variation in base pressure, but the influence of the base flow extends only about one
base diameter upstream from the base, giving confidence in the validity of the solution ahead of this region.

If condition (c) of figure 2 is a fair representation of the base flow with a thin sting present, then condition (b)
implies that a large sting can cause a significant strengthening of the adverse pressure gradient near the model base
and perhaps influence the measured fin characteristics. The uncertainty regarding the best choice of base flow
geometry can be partly resolved from measured base-pressure data. Such data are available from reference S for
a variant A(i) of the Body-A configuration, which is discussed in the following section.
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Configuration A(i)

The A(i) variant has the rear portion of the standard boattail, where fins are normally located, replaced by a
cylindrical section which gives a 45% increase in dB over the standard configuration, the slope of the taii cone

section remaining the same at 7° 40’ . The afterbody of this configuration and the calculated pressure
distribution are shown in figure 3(a), with the flow assumed to separate from the base parallel to the cylindrical
section. The computed values not shown for the forebody are identical with those given in figure 2 for the
standard configuration. Figure 3(a) shows a strong, favourable pressure gradient along the tail cylinder, instead
of the weak adverse gradient on the standard body (figure 2 condition (c)). This may result in improved fin
lifting performance by reducing the tendency for flow separation in the lee-side fin root region.

Figure 3(b) shows the effect of removing the surface slope discontinuity on the A(i) afterbody by fitting a cubic
polynominal to the conical and cylindrical sections between x = 10and x = 11. Similar fairing will be effected
by the boundary layer in the real flow, and wind-tunnel measurements (from reference S) on the A(i) model,
which are included on figure 3(b), compare favourably with the present results. A sting of diameter dB |/ 2 was used

for the measurements, and the data indicate some flow expansion behind the base. The calculated results can be
made to agree more closely by including a small expansion in the base-flow model, as shown in figure 3(c).

Configuration A(ii)

The A(ii) configuration has a flared tail section instead of the cylindrical section of the A(i) variant. This is
shown in figure 4 together with the strong, favourable pressure gradient resulting from this geometry. As
mentioned above this is expected to be beneficial to fin performance, but to offset this there is a strong adverse
gradient ahead of the flared section which is likely to cause some degree of flow separation, and higher drag
resulting from the larger base area.

Body-A with variable afterbody slope

Pressure distributions were calculated on the Body-A forebody fitted with conical afterbodies of half angle
59,109, 15° and 20° respectively. The results are displayed in figure 5. The adverse pressure gradient on the
afterbody strengthens dramatically with increasing slope, but the afterbody slope has little effect on pressure
coefficients ahead of about the mid-point of the central cylindrical section. If it were desired to find the maximum
slope tolerated before separation became significant, a boundary-layer program could be used in conjunction with
the present analysis.

Body-B results

The relatively small base of the Body-B configuration, shown in figure 6,would require the sting diameter for
small wind-tunnel models to be as great or greater than dB . Figure 6 compares the pressure distributions near

the base when a sting of diameter d , is present and absent. Consistent with the earlier results, the sting magni-

B
fies the unfavourable pressure gradient over the tail section where fins would normally be located. This should
be considered when interpreting measurements of fin properties.

4. CONCLUSIONS

Pressure distributions have been calculated on two bodies of revolution in incompressible, inviscid, axisymmetric flow.
The programs of Albone(ref.2) give sufficiently accurate results with minimal user effort and computing time. Bodies
with bluff bases such as boattails can be treated by assuming the body surface to be extended, thereby simulating the
flow separation from the base. The choice of an appropriate base-flow model can be made more reliable if base-
pressure measurements are available for comparison.

The results have shown that a favourable pressure gradient can be created by replacing the rear portion of a boattail
with a cylindrical section, which may improve the effectiveness of fins mounted thereon. Conversely, fin lift measure-
ments on wind-tunnel models may be adversely effected by the presence of a sting if its diameter is comparable to the
model base diameter.
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APPENDIX I
PROGRAM LISTINGS
(@) Closed-body program
C PROGRAM FOR CLOSED AXISYMMETRIC RODY
DIMENSION A(G0)sX(42) osF(42)+sF1(40)4F(40)4F1(40)+sF2(40)eX1(40)sU(4?
1 )2 CPR(42) XK (40040) sF2(a0)

NMAX IS MAX NO OF ITFRATIONS ALLOWEDe FPS IS ARSOLUTF FRROR LIMIT
RETWFEN ITERATIONS AT CNNVERGENCES XX0sXX1 ARE FOREF AND AFT
ABSCISSAE OF RODYes S/R R DY GENERATES ORDINATE FRBR AND SLNPE FI1B OF
RODY AT FACH ARBRSCISSA XRB.
RFEAL MACH
NATA NMAXFPS/ S50+00001/
NDATA XX0¢XX1/0e041e0/
NDATA MACH/0.0/
REALYS ADUM(2C) /00045212771 4+e0104982845,e01642105844022245R492,
1 e 02793700704 0334601953, 403878216R,404387090R24+048B695R076
2 e 0532278474 e057439769]1 4e0613062425,¢064R8040135+0679120458,
3 V70”1 16474 4e072RB3R5824,,074723169140761103619,.0770398182,
4 WO77505943C/
REALERXDUN (20) / «QQFR23771 2 09A0NT72623Q 4697725995, 957916819,
1 VB2 HNIPROMN . e Q0209RRGT7 4 e RESA595034e824612231 96778305651
2 727215250 3 aHT1956615 44612553809, 45494671254048307580290413779204
a3 201 19UA09] 4 e20B182185,61026097581461160R40714e038772418/
RETSO= 1 ~1'ACHXMACH
RETA=CORT (14 TSAQ)
XUIN=(XXI+XX1)/2
CALILL RODY(XMINWYMIDLF1R)
YMID=Y " IDXKAETA
FIP=F1R¥AFTA
NO 2 K=14+20
KK=4) =K
A(K)=ADUM (K)
A(KK)=A(K)
X (KK )=XDUM(K)
2 X(K)==XPUM(K)
NO 8 K=1440
X(K)=0 S5 (X(K)¥(XXI=XXO)+Xx1vAXO0)
XB=X(K)
CALL RODY (XR4FR4F1R)
FRA=FRXPFTA
FIR=F1N*NETA
F(K)=FR
F1(K)=F1R
F2(K)=F1R
XI(K)=(X(K)=XX0)®(XX1=-X(K))
F1(K)=1e/SORT(1e+F1(K)XF1(K))
B F(K)=F(K)X*F(K)
XKO=XK1((XX1=XX0)/(2eXYMID))
DO 3 1=1,40
FOFT=F(1)/X1(1)
XL=SQRT(1./FOFT)
XK2=(1e+XK0O)/(1e+XK1(XL))
SUM=G0
PO 4 J=1,40
XDIF=(X(J)=X(1))%(X(J)=X(1))
XK (14J)=F(J)/SORT((XDIF+F (J) ) %*k3)

GXT=FOFT%X1(J)
a g ™ . i ‘f
RYY A '
r‘ - A‘\f s :‘ !
L ‘ i“\l ;“\‘ﬁ;‘-n e e b o e

(g I8 G W o 0 )
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XKDASH=GXT/SORT((XDIF+GXT)*%3)
a4 SUM=SUM+A(J) R (XK (T oJ)=XKDASH)
F(I1)=]1 a~0e25% (1 e+XKO)X(XX1=XX0)%SUM=XK?2
E1(I1)=(E(I)+XKO)/(1+XKO)
2 UI)=(1+XKO)%F1(1)
N=0
FEMAX=10C
5 N=N+1
FLLAST=FMAX
NO 6 1=1,40
UCI)=UCI)+F1(I)*E(T])
SUM=0 o
DO 7 J=1,40
7 SUM=SUM+A(JIXXK (T sJ)%(E(J)-E(I))
6 F2(I1)=F1(I1)*XF (1) =e25%SUMX(XX1=XX0)
DD 13 K=1,440
13 F(K)=F2(K)
FMAX=ABS(FE (1))
D012 K=1440
IF(ARS(E(K)) eGTeEMAX)EMAX=ARS(F(K))
12 CONTINUE
IF(FLAST=FMAX) 18,17,4,17
17 IF(EMAXsGTeFPSeANDeNeLTeNMAX) GO TO S
18 WRITF (6414 )N,FMAX sMACH
14 FORMAT(20H NNe OF ITERATIONS =413,10Xs13H MAXe ERROR =¢F 157
1 10X s QHMACH NQe=9F5e3//)
DN Q@ K=1,40
F(K)=SQRT(F(K))
F(K)=F(K)/RBETA
FP(K)=F2(K)/RFTA
UIK)=1+(U(K)=1)/BETSO
IF(MACH=0e1) 29429419
249 CINC=1=U(K)=U(K)
CP(K)=CINC+0¢?5%*MACH*®*MACHXCINC*CINC
GNn TN Q
19 CP(K)=((1=0Ue2%*MACHXMACHX (U(K)*UY(K)=1))%%35=1)/(0e7%*MACHXMACH)
Q@ CONTINUFE
VRITFE(H,15)
15 FORMAT(AEXe2H Xes13X42H Yel12XeA6H DY/DXe7Xe9H VELOCITY+3X415H PRESSe
1CNEFF T )
WRITE(AW1HA)(X(K)sF(K)sF2(K)yU(K)CP(K)sK=1,440)
16 FORMAT(3(F10ebH¢6X)sFBel s6XFRet)

27 STOP
FrD
FUNCTINON XK1 (R)
IF(H=10001)3,3,1
1 IF(R=06990Q)2,4,44
a4 XK 1=0¢5
RE TURM
1 C=n=%=n
N=SORT(C=14)
E=ALOG (4D ) %N
XK1=(F=D)/(C*D=F)
RETURN
2 C=n=*R
N=501T(1 «=~C)
F=ALOG((1e+N)/R)%C
XK1=(D=F )/ (2 *DXDXN=D+E )
RE- TN
END




-7- WRE-TR-1779 (W)

(b) Infinite - afterbody program

[ PROGRAM FOR BODY EXTENDING TN INFINITY

DIMENSION A(H0)sX(60)+sF1(60)+F(60)sF1(60)4F2(60)sU(HD0)+F(60),CP(60
1 )sF2(A0)+XK(604+60)
NMAX IS MAX NO OF ITERATIONS ALLOWFDe CONVFRGENCE WHFN MAX DIFFFRENCF
RETWEFFN ITEFRATIONS IS LeFe FPS, XX0 IS ARSCISSA OF NOSF(NeBe JUNCTION
OF S0DY/ZAFTFRRODY IS AT X=0)e YAFT IS RADIUS OF PARALLFL AFTERRNODYe
S-R RONDY GFNFRATES RADIUS FR AND SLOPF F1R AT FACH ARSCISSA XR

REAL LLFMGTH

RFAL MACH

DATA NMAXFPS/ S04+0.0001/

DATA LFENGTHYAFT /2e268,0.5/

DATA MACH/0«0/

RFEAILL*X8 ADUM(15) /0007968192546 0184664683,,0287847079,0387991926,
1 «04B402AT728B, (0574931562, 60659742299,4¢0737559747+e0R07558952,
2 «0BERAATRT2 09212252224 ¢096368B7372+e¢0995934206,101762390,

3 102852653/

REALX8 XPUM(15) / eFIERIILRE 46983668123 ¢e96002186546926200047

1 «HE25A053H4 e R295H65762 49767777432, 978504895 ,4e6205261834¢536624148
20000703377 49e3527047264+e254636926,4¢1538B69914,,0514718426/
RPEFTSQ=1-MACHXMACH

REFTA=SQORT(FTSNO)

YAFT=YAFT*¥RFTA/Z/LENGTH

XX(i==1 o

NO 2 K=1,415

KK=31-=K

A(K)=AN(K)

AIKKY=A(K)

X(K)=XDurm (k)

X(KK)=X(K)

MO

2 X(K)==X(K)
DY 17 K=)430
KK =30 +K

A(KK)=A(K)
17 X(KK)=X(K)
NN 8 K=1,3C
X(K)=0eS5%XX0O%(1e=X(K))
Xz LENGTHX (X(K)+1e)
CALL BODY (XR4FR4F1R)
FR=FR/ LFNGTH
FR=FRAXAFTA
F1R=F 11NF TA
F(K)=FRxFR
F1(K)=14/ SORT(1e+F1BXF1R)
F2(K)=F1R

B A(K)=0e25%XX0%A (K)
NDO14K=31,60
X(K)=(1e4+X(K))/(1e=X(K))
FI(K)=YAFTXYAFT
F1(K)=1,
F2(K)=0.

146 A(K)==0e25%(1 e+X(K))%(1e+X(K))XA(K)
NO 3 [=1+60
FOFT=F(1)/(X(1)=XX0)
F(I)=0.

CC VAN MDD
RECT A ABLE LUP]

Y 3 s : 4
LY kst B AL
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DO 4 J=1,60
XDIF=(X(J)=X(T))I%(X(J)=X(1))
XK(LeJ)=F(J) 7/ SORT((XDIF+F(J))*%%x3)
GXT=FOFT%(X(J)~XX0)
XKDASH=GXT/(XDIF+GXT)%%] .5
4 FOI)=E(TI)+A(J)%(XK(IsJ)-XKDASH)
E1(I)=F(I)
UlLD)=F1(1)
N=0
S N=N+1
EMAX=0
DO6 1=1,60
U(I)=UCI)+F1(1)%F (1)
F2(I)=F1(1)%F (1)
DO 7 J=1460
7 F2(I1)=62(1)+A(J)RXK(TJ)IX(E(Y)-E(]I))
& CONTINUF
DO 12 1=1,60
F(I)=Fe2(1)

12 IF( ARS(F(1))eGTeFMAX) FMAX= ARS(E(I))
IF(FMAXeGTeFPSeANDaNSILTeNMAX)GO TO S
WHITF(6Ge10)NFMAX +MACH

16 FORMAT(2CH MNe NOF TTFRATIONS =,13+s10Xs13H MAXe FRROR =4F 157

1 10Xe 10HMACH NOe= Fae?24/7)

DN 9 Kz=1 460

FIK)= SORT(F(K))
FIK)=LENGTH®F (K)/RFTA
XAK)ZLENGTHYX (X (K)+1,)
F2(K)=F2(K)/RFTA

UK )=1+(1(K)=-1)/BETSO
IF(MACH=0el) 249429419

29 CINMC=1=(1 (K )%xU(K)
CP(K)=CINCH+0 ¢ 265%MACHRXMACH*XCINC*CINC
GO TA o

19 CRP(K)I=((1=0e?*MACHYMACHX (U(K ) %U(K)=1))%%3e5<-1)/(0e 7% MACH®MACH)

O CONTINUF
WRITF(6415)

15 FORMAT(OXe2H Xe13Xs2H Yo12XeAH DY/DXe7XeAH VFLOCITY 43X,
1 14H PRFSSe COFFTe)
WRITE(As1H) (X(K)F(K)sF2(K)4UI(K)CP(K)yK=1+,40)

1A FowMAT(Fl().‘%.6X.F10.6.6X.FlO.f\.ﬁx;FR.a.ﬁx.Fﬂ.h)

a4 STOP
END
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Figure 1. Coordinate system
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Figure 3(a), (b) and (c)
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Figure 3. Pressure distributions on A(i) afterbody
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Figure 4

092

(1)y-Apog uo uchNQIISIp dInssal ‘¢ 2In31g

(1) ¥

og ov o€ o)/ 0y

e

)x\.\\\ \\\\RV\ \\wj\w YT 7V 7 7 PPN AT AN VA A "
\\ pe+ GO
T'llllv e X
W g A DS WS A
1
W 9.90="p or,L

G0-

S 0-

A

XY

SLO

O




Figure §

adojs Apoqiayje sjqenreA yum y-Apog ‘g amsig

(v2) %
0¢ 0z (ol

(w)K

04

. O

SZ20-

ol

02

sz 0

¢o

GL0

O




WRE-TR-1779 (W)
Figure 6(a) & (b)
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